Poly(ether ether ketone)/zinc oxide (PEEK/ZnO) composites were manufactured by using the injection molding technique. Before blending with the PEEK resin matrix, some ZnO nanoparticles were modified by g-aminopropyltriethoxylsilane (APTES). The effect of surface modification of ZnO nanoparticles by amino groups and Si-O bonds was investigated. PEEK/ZnO composites were characterized by scanning electron microscopy (SEM), thermogravimetric analysis, and X-ray diffraction. The scanning electron micrographs showed that ZnO nanoparticles were encapsulated in the PEEK phase; within this phase, the nanoparticles were homogeneously dispersed. Mechanical and tribological properties were measured by tensile strength, flexural strength, coefficient of friction, and wear rate. It was shown that the interfacial compatibility between ZnO nanoparticles and PEEK matrix was significantly enhanced due to the amino and Si-O bonds decorated on the ZnO nanoparticles. More importantly, the thermal stability of PEEK improved upon the incorporation of ZnO nanoparticles into this matrix. Cell viability studies with mouse osteoblasts demonstrated that cell growth on PEEK and PEEK/ZnO was significantly enhanced. On the basis of the obtained results, PEEK/ZnO composites are recommended as promising candidates for orthopaedic materials and trauma implants.
Introduction
PEEK is a semi-crystalline colorless thermoplastic polymer with outstanding thermal stability, good mechanical properties and wear resistance, high glass transition temperature, etc. Due to such excellent properties, PEEK is widely used in aerospace industry, automotive industry, mechanical industry, medical and electronic applications, and many other elds. [1] [2] [3] [4] [5] The friction and wear properties of PEEK and its composites have been extensively studied. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] Moreover, PEEK has no toxicity, solvent resistance, and can be repeatedly sterilized using conventional methods such as those employing steam, gamma radiation, and ethylene oxide without evident degradation of the mechanical properties. 16 Due to these particular properties, PEEK polymers can be used for long-term orthopaedic, cardiovascular, and dental implants. Importantly, experimental measurements have highlighted that the unlled matrix of PEEK can undergo elastoplastic deformation. 17, 18 Hence, many researchers have attempted to engineer these materials with respect to their applications, particularly load-bearing orthopedic applications, in the biomedical eld. [19] [20] [21] Sarasua et al. have earlier reported about the improvement in the mechanical properties of PEEK reinforced by short glass (GF-PEEK) and carbon ber (CF-PEEK). 22 The composites were prepared by the injection molding approach and by using a maximum ber loading of 30% by weight. Pace et al. reported a CF-PEEK composite acetabular cup that was implanted in the body, and it was analyzed using the histologic technique. 23 It was found that the wear depth in the retrieved insert was 0.130 mm at 28 months, and it was localized in the area of maximum wear, offset from the cup pole. Scolozzi et al. have reported PEEK for maxillary reconstruction; the patient was monitored for more than 5 years, and no complications were observed during this period, indicating that PEEK is an excellent biocompatible material with promising applications in reconstructive medicine. 24 Apart from CF and GP, other materials including phosphate 25 and nanosized hydroxyapatite [26] [27] [28] were used to make bioactive PEEK composites. All these materials meet the functional requirements for implant materials; thus, they can be used as replacements for human bone.
ZnO nanoparticles are multifunctional inorganic nanoparticles, and they exhibit excellent performances. ZnO nanoparticles, which have high temperature resistance, good thermal conductivity, and low expansion coefficient, can signicantly improve the chemical and mechanical stability of the material when they are used as reinforcing llers.
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Furthermore, ZnO nanoparticles are believed to be nontoxic, biosafe, low-cost and biocompatible. For all these reasons, ZnO nanoparticles have also been used as drug carriers, in cosmetics, and as llers in other medical materials. 31 It is worth pointing out that ZnO exhibits intensive ultraviolet absorption and signicant antibacterial activity at pH values in the range of 7-8 even in the absence of light. Hence, ZnO is widely used for optical devices and antimicrobials.
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Ana M. Díez-Pascual et al. 33, 34 studied antimicrobials of PEEK/ ZnO nanocomposites; they observed that the antibacterial activity of PEEK/ZnO nanocomposites against Escherichia coli and Staphylococcus aureus enhanced with the increasing ZnO content, and the best antibacterial property was obtained at 7.5 wt% of modied nanoparticles.
This study aims to investigate the potential of PEEK/ZnO composites as human bone substitutes suitable for loadbearing functions, and the wear resistance of PEEK is improved by the addition of ZnO particles without reducing its mechanical properties. PEEK-ZnO composites are prepared with a twin-screw extruder. The tensile properties, long-term durability and preliminary in vitro biological analysis are presented. The results of the cell viability test and cell differentiation indicate that these new nanocomposites have great potential as biomaterials for orthopaedic and trauma implants.
Experimental

Materials
PEEK ne powders (Table 1 ) with a diameter of approximately 100 mm were prepared in Jilin University of China; ZnO nanopowder with <30 nm particle size and specic surface area $ 60 m 2 g À1 was supplied by Nanjing Guanye Industry Chemicals Co., LTD. Ethanol (EtOH, 95.0%) was purchased from Beijing Chemical Reagent (China). APTES was purchased from Nanjing Fine Chemicals Co., LTD (China).
Preparation of surface-modied ZnO nanoparticles (mZnO)
ZnO nanoparticles were added into deionized water and heated under reux for 3 h, and this procedure was repeated for 3 times. Aer ltration, the nanoparticles were dried at 100 C for 12 h to remove the absorbed water. The surface-modied nanoparticles were obtained through the reaction between hydroxyl groups on the ZnO surface and the ethoxyl groups of APTES. In a typical protocol, a certain quantity of APTES was mixed with EtOH and stirred for 1 h. Glacial acetic acid was used to adjust the pH, which ranged between 5 and 6. Then, ZnO nanoparticles were added to the mixture solution. The resulting suspension was subjected to ultrasonication. Subsequently, the suspension was reuxed at 78 C for 4.5 h. Finally, the modied nanoparticles were rinsed several times with EtOH to remove the excess of coupling agent and aerwards, they were dried in an oven at 80 C. The resulting material was denoted as m-ZnO.
Preparation of PEEK/ZnO composites
PEEK resin, ZnO and m-ZnO were dried in an oven at 100 C for 10 h to remove moisture. These materials, in a well-established weight ratio, were mixed in a high-speed mixer. The compositions of the composite materials are listed in Table 2 . Furthermore, the mixed composites were combined using a HAAKE PTW16/25p (USA) co-rotating twin-screw extruder with a screw speed of 120 rpm. The temperature proles of the barrel were 330/340/355/360/355/340 C from the hopper to the dye.
Subsequently, the strip samples were cut into granules and X-ray diffractometry (XRD). The crystalline structures of PEEK and PEEK/ZnO composites were characterized with an Xray diffractometer (XRD, Rigaku D/Max 2550 X-ray Diffractometer, Japan) using CuKa radiation operated at 200 mA and 50 kV.
Thermogravimetric analysis (TGA). TGA was performed on a Perkin Elmer Pyris-1 thermo-gravimetric analysis instrument, USA. The samples were heated from 100 to 800 C with a heating rate of 10 C min À1 under 20 mL min À1 nitrogen ow.
Differential scanning calorimetry (DSC). The crystallization behaviors of the composites were determined with TA Q2000 DSC Instruments (USA). The composites were rst heated from 80 to 400 C with a heating rate of 10 C min À1 , and the temperature was maintained at 400 C for 5 min. Next, cooling scans were performed from 400 to 80 C with a cooling rate of 10 C min À1 ; aer that, new heating scans were carried out from 80 to 400 C with a speed of 10 C min À1 . The crystallization temperature (T c ) and crystallization enthalpy (DH c ) were determined on the rst cooling scan, whereas the melting temperature (T m ) was obtained on the second heating scan. Thermo-mechanical analysis (TMA). The linear expansion coefficients of PEEK and PEEK/ZnO composites were determined with TMA/SDTA841e (METTLER TOLEDO, Switzerland). The PEEK and PEEK composites were heated from 40 to 200 C with a heating rate of 10 C min À1 .
Mechanical tests. The tensile and three-point exural tests were performed with AG-120KN (SHIMADZU, Japan) at room temperature with speeds of 5 and 2 mm min À1 , respectively.
Tribological experiments. Tribological experiments were performed with a pin-on-disc apparatus friction testing machine (UMT-2, Center For Tribology Inc., Campbell, CA, USA). The apparent pressure was 1 MPa, and the sliding velocity was 200 rpm with a test time of 2 h.
Scanning electron microscopy (SEM). The morphologies of ZnO, m-ZnO, PEEK, and PEEK/ZnO composites were characterized with SEM (FEI Nova Nano 450 FEI, eld emission SEM system, USA) at an accelerating voltage of 15 kV.
Transmission electron microscopy (TEM). TEM was performed using a Hitachi H-800 electron microscope at an acceleration voltage of 200 kV with a CCD camera. High-angle annular dark-eld scanning TEM energy-dispersive X-ray Fig. 1 The preparation flow chart of PEEK composite. University, China), were cultured in DMEM medium (Gibco Co., New York, NY, USA) containing 10% fetal bovine serum (FBS), 3% NAHCO 2 , 100 U mL À1 penicillin, and 100 mg mL À1 streptomycin at 37 C with 5% CO 2 in a humidied incubator. Aer reaching 80% conuence, the cells were trypsinized and counted with a hemocytometer. The PEEK and PEEK/ZnO composites were cut into small slices and placed in a cell culture plate, followed by sterilization under ultraviolet radiation for 2 h. The cells were seeded onto membranes of PEEK and PEEK composites (n ¼ 3) at a density of 1 Â 10 5 cell per mL.
Cell viability on membranes of PEEK and PEEK/ZnO composites was determined by the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) method (Beyotime Biotechnology, Jiangsu, China). Briey, the cell and membranes of PEEK and PEEK/ZnO composites were incubated with 100 mL Cell-Titer 96 Aqueous One Solution Reagent containing MTT for 4 h. The absorbance of the supernatant was measured at 570 nm.
Morphological studies of in vitro-cultured MC3T3-E1 on membranes of PEEK and PEEK/ZnO composites were performed. Initially, the membranes incubated with cells were taken out aer 3 days and washed three times with PBS (phosphate-buffered sodium) to remove unattached cells. The cells were then xed with 4% formaldehyde water solution for 2 h, dehydrated in a graded concentration series of ethanol (10, 30, 50, 70, 90, 95 , and 100%), and nally freeze-dried. Aer coating with gold, the samples were observed using scanning electron microscopy (SEM, S-3400 N Japan Hitachi Co., Ltd., Tokyo, Japan) at an accelerated voltage of 2 kV.
Alkaline phosphatase (ALP) activity. For osteogenic differentiation assay, MC3T3-E1 cells were seeded at a density of 1.0 Â 10 4 cells per cm 2 on PEEK and PEEK/ZnO composites. One day aer the cells were seeded, the medium was replaced with a differentiation medium a-DMEM (Gibco) with 10% FBS, 1% penicillin/streptomycin, 50 mg mL À1 ascorbic acid (Sigma Aldrich), 10 mM b-glycerophosphate phosphate (Sigma Aldrich) and 10 nM dexamethasone (Sigma Aldrich). Cells of the eight groups of treatment were collected from each well at different time points and assayed for ALP activity. Each component ALP activity was determined using a commercially available ALP kit (Nanjing Jiancheng Biotech Co., Ltd) according to standard procedures. The 24-well plate (Croning) was washed three times with PBS; then, 200 mL of 0.1% Triton X-100 was added to lyse the cells for 30-40 minutes and subsequently, the reaction reagents were added according to the manufacturer's recommendations. Finally, the ALP absorbance was measured at 520 nm using a microplate reader (Tecan Auatria GmbH). Protein concentration was measured at 595 nm using a protein assay reagent (Beyotime Bradford Protein Assay Kit) according to the manufacturer's instructions, and the level of ALP activity was normalized by the amount of total protein.
Results and discussion
FTIR characterization of m-ZnO
The surface of ZnO was treated with APTES, as shown in Scheme 1. Aminosilane coupling agent reacted with ZnO through various interactions including the hydroxyl surface groups of the ZnO nanoparticles and the -OCH 2 CH 3 groups of the coupling agent via a substitution reaction. The FTIR spectra of ZnO, m-ZnO, and APTES are displayed in Fig. 2 to prove the success of ZnO modication. In the spectrum of ZnO, a broad peak could be observed at 3440 cm
À1
, thus conrming the presence of OH groups on the nanoparticle surface. Furthermore, an intense peak appeared at 430 cm À1 , and it corresponded to the stretching of Zn-O bonds. In the spectrum of APTES, an evident peak could be observed at 956 cm
, which conrmed the presence of Si-O groups. The spectrum of m-ZnO revealed some new peaks as compared to that of ZnO. The bands at 2920 and 2840 cm À1 were assigned to symmetrical and asymmetrical stretching vibrations of C-H in CH 3 and CH 2 groups, respectively. Furthermore, the peak at 1040 cm À1 was assigned to Si-O-Si asymmetric stretching, whereas that at 874 cm À1 was due to the symmetrical stretching vibrations of Zn-O-Si. In addition, a new band appeared at around 1562 cm À1 , and it was assigned to the bending vibration of the N-H deformation mode that shied to a lower wavenumber due to the interaction with silanol groups or surface hydroxyl groups of ZnO. The appearance of these bands proved that the functional groups in APTES were successfully attached on the surface of ZnO nanoparticles.
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2. XRD characterization The high purity of the synthesized nanoparticles is conrmed through the welldened diffraction peaks and no sign of impurities. The modied ZnO nanoparticles display an almost identical pattern as that of the unmodied nanoparticles, but the results differ mainly in the width and intensity of some peaks. However, it is worth mentioning that the coupling agent has no inuence on the crystalline structure of ZnO nanoparticles. Fig. 3 also shows the diffractogram of a semi-crystalline PEEK polymer; this diffractogram displays characteristic peaks at 2q values of 18.8 , 20.7 , 22.9 , and 28.9 , which correspond to the diffractions of (110), (111), (200), and (211) crystalline planes. On the basis of these two reference diffractograms, the diffractogram registered for the PEEK/ZnO composite materials is carefully analyzed; we establish that it displays the characteristic diffraction peaks of the two components, clearly demonstrating the successful incorporation of ZnO into the PEEK matrix. However, as can be observed in Fig. 3 , the intensity and width of the peaks in the diffractogram of PEEK/ZnO composites are lower than those of PEEK. This indicates that the addition of nanoparticles can change the spherulite's size of PEEK.
Crystalline and melting behaviors of composite materials
In special engineering plastics, poly(ether ether ketone) is a semi-crystalline polymer material. The crystallization and melting behaviors of a composite material strongly affect the properties of composite materials. To evaluate these effects, the thermal analysis data of PEEK/ZnO nanocomposites were obtained under non-isothermal conditions by the DSC technique.
The obtained results are illustrated in Fig. 4 and Table 3 . From Table 3 , it can be seen that the crystallization temperature (T c ) of the PEEK/ZnO nanocomposites was lower than that of PEEK, but the melting temperature (T m ) and crystallinity (X c ) were higher than those of PEEK. The decrease in T c was mainly due to the use of ZnO nanoparticles as nucleating agents, which constrained PEEK to crystallize at a lower temperature. For the composites with m-ZnO nanoparticles, the crystallization temperature, melting temperature and crystallinity increased with the increase in m-ZnO, but a descending trend appeared when the concentration of nanoparticles was higher. The X c value of the 5.0 wt% m-ZnO composite was the highest, but the X c value of the sample containing 10 wt% mZnO was lower. This result can be due to the fact that m-ZnO species are regarded as heterogeneous nuclei in PEEK crystallization. The modied nanoparticles were homogeneously dispersed in the composite matrix, and the nucleating centers became larger in size; thus, crystallinity improved. However, at higher concentrations, the strong interaction between the nanoparticles might impose restrictions on PEEK chain diffusion and crystal growth. Therefore, the crystallinity of the composite decreased. A similar situation was observed in PEEK-SWCNT composites mixed with polysulfones that are used as compatibilizing agents. Table 4 . From the graphs and table, it can be seen that the thermal stability of composites containing oxide nanoparticles was higher than that of PEEK. The decomposition of PEEK started at the temperature of 528 C, and the sample exhibited the maximum rate of weight loss at approximately 585 C; at 800 C, the residual mass was around 51% of its initial weight. As shown in Table 4 , the values of T 5 and T 10 increased with the increase in the content of nanoparticles. When the content of ZnO was 5.0 wt%, T 5 and T 10 increased by 6 and 5 C, respectively, compared with those for PEEK. However, when the amount of m-ZnO was 5.0 wt%, T 5 and T 10 of the composites were further enhanced. When the content of m-ZnO was 10 wt%, T 5 and T 10 increased by nearly 10 C compared with those for PEEK. This can be ascribed to the barrier effect of the well-dispersed nanoparticles, which effectively hindered the diffusion of degradation products from the bulk of the matrix to the gas phase. 40 Moreover, the high thermal conductivity of ZnO facilitated heat dissipation within the composite, thus resulting in enhanced thermal stability. 41 This result was in agreement with that of derivative thermogravimetric analysis (DTG), for which the curves are displayed in Fig. 6 . When the temperature was below 524 C, the weight loss rates of all samples remained consistent, and the decomposition of PEEK played the Fig. 9 The curves of the friction coefficients of PEEK and its composites. (Table 5 ).
The dimensional stability of composite materials
Dimensional stability stipulates that the size of the material does not change under mechanical, thermal or other external stress. Therefore, the linear expansion coefficient of the prepared materials was measured to emphasize their ability to retain the size regardless of the environmental conditions. The test results of the thermo-mechanical analysis are listed in Table 5 , whereas the linear expansion coefficient curves are shown in Fig. 7 . As can be seen from gure and table, the linear expansion coefficients of the PEEK composites decreased with the increase in m-ZnO content, which was mainly due to the low coefficient of linear expansion of zinc oxide. These results conrmed that the addition of ZnO improves the dimensional stability of the composite material.
Mechanical properties of composite materials
The mechanical properties of PEEK and its composites prepared by adding different amounts of ZnO and m-ZnO, respectively, are shown in Table 6 and Fig. 8 . It can be seen in Table 6 and Fig. 8 that the tensile strength, exural strength and Young's modulus of the nanocomposites were higher than those of PEEK, whereas the elongation at break was lower.
When the content of m-ZnO was 7.5 wt%, the exural strength, Young's modulus and tensile strength were 143 MPa, 2.1 GPa, and 101 MPa, respectively. Hence, it is evident that the addition of ZnO nano-particles enhanced the mechanical properties of the composites, but the improvement was not very signicant. This probably is due to the small size of the nanoparticles and the fact that the PEEK matrix resin bears the main external stress. The mechanical properties of the modied nano-particle composites were better than those of the composites obtained by directly adding pure nanoparticles, which may be due to the addition of the coupling agent to enhance the compatibility between the nanoparticles and PEEK. The nanoparticles were dispersed more uniformly and reduced the stress concentration. 42 
Friction and wear behavior of composite materials
It is well-known that inorganic nanoparticles can improve the friction and wear behaviors of polymers. However, these effects are related to the microstructure of the composites and the size, shape, and type of the inorganic nanoparticles as well as the degree of dispersion of the particles. Fig. 9 shows that the curves of friction coefficients of PEEK and its composites as a function of the test conditions were at 200 C min À1 and a load of 1 MPa at room temperature. It can be seen from Fig. 9 that at the initial stages, the friction coefficient rapidly increased; then, it decreased slowly and stabilized. Fig. 10 illustrates the histograms of the friction coefficient (a) and the wear rate (b) of PEEK and its composites. The coefficient of friction of PEEK was about 0.48; for the sample containing 5.0 wt% ZnO, the value was close to the value of PEEK. In contrast, when the same content of m-ZnO was added to the PEEK matrix material, the friction coefficient was the lowest; then, it increased with the increase in the m-ZnO content. The results showed that 5.0 wt% of m-ZnO is the optimum amount of ller to obtain the maximum strength of such a nanocomposite. The wear rate of PEEK was 5.54 Â 10 À6 mm 3 N À1 m À1 . Aer adding 5 wt% m-ZnO in the PEEK matrix material, the wear rate was reduced by about 25%; however, with the increase in m-ZnO content, the wear rate started to increase. In contrast, the wear rate of the composites lled with m-ZnO decreased to a greater extent, which was mainly due to the addition of the coupling agent; this improved the degree of dispersion of the nano-particles, thus improving the adhesion between m-ZnO nano-particles and resin. In addition, the friction between the material and the dual surface contact area reduced sliding friction. With the increase in wear time, the surface temperature of friction increased, whereas the dispersed nanoparticles could inhibit plastic deformation of matrix materials. Therefore, the friction coefficient of composites containing the modied nanoparticles was lower. For the composites loaded with the lowest amount of modied nanoparticles, a rough surface appeared between the friction surface and the dual disc in the process of sliding friction. In addition, the rigid nano-particles played the role of a ball in the process of friction while playing a role in supporting the load, which reduced the contact area in the friction process, thereby reducing the friction coefficient and wear rate. In summary, it can be stated that the rational design of PEEK-inorganic nanoparticle composites can provide new nanomaterials with excellent wear-resistance.
Morphological analysis of ZnO nanoparticles
The SEM images of ZnO and m-ZnO are shown in Fig. 11 . It can be observed in Fig. 11(a) that most of the ZnO nanoparticles were agglomerated into an irregular shape due to their high surface energy and large specic surface area. The m-ZnO particles were clear and well dispersed, as seen in Fig. 11(b) . The above-mentioned results proved that APTES was graed onto the surface of ZnO. These improved morphological properties are explained by the silane molecules that provide spatial repulsion between m-ZnO nanoparticles, thus preventing their aggregation.
Morphological analysis of composite materials
The dispersion of ZnO nanoparticles within PEEK was also analyzed by TEM. The micrographs of the composite materials of 5 wt% ZnO/PEEK and 5 wt% m-ZnO/PEEK are shown in Fig. 12(a) and (b) , respectively. Clearly, the surface-treated nanoparticles were more uniformly distributed within PEEK, which was in agreement with SEM observations. The addition of APTES reduced the aggregation of the nanoparticles, promoted their interfacial adhesion with PEEK, and enhanced the mechanical and tribological performances of the composite materials. Fig. 13 shows the microstructure of the wear surface of PEEK and its composites. It can be observed in Fig. 13(a) that numerous furrows and wiredrawing phenomenon appear on the friction and wear surface of PEEK. Moreover, there were evident scratches and a small amount of abrasive dust on its surface; this was observed because PEEK has lower interface shear strength and thus, it can be easily pulled off to form worn debris. Fig. 13(b)-(d) display the morphologies of the composites with different ZnO nanoparticles; it can be seen from these gures that the wear mechanism changed to abrasive wearbased and had a slight adhesion wear. This might be due to the addition of ZnO, which improved the shear strength and hardness of the interface, reduced the amount of abrasive debris, and reduced the scavenging effect of debris on the friction surface during the friction process. In contrast, the wear of the friction surface for 5 wt% ZnO in composite (c) was relatively low. Although the surface appeared furrowed, it was shallower, and the surface was relatively at. Because of the addition of m-ZnO, which could be uniformly dispersed in the raw material, the concentration of stress, plastic deformation of the surrounding materials and plastic ow were reduced.
Morphological analysis of worn surface
Cell morphology and viability
In this study, the adhesion and proliferation of MC3T3-E1 onto membranes of PEEK and PEEK/ZnO composites were determined. The results from SEM observation are presented in Fig. 14. The cells adhered well on the surface of all membranes. More cells were signicantly clustered around the membranes. Fig. 15 shows the viability of cells cultured on the membranes of PEEK and PEEK/ZnO composites determined by using the MTT method. No cytotoxicity was detected on the rst day upon the loading of the membrane with the cultured cells. Furthermore, no signicant difference between the PEEK and PEEK/ZnO composites (P 0.05) was observed although the cell proliferation on blend membranes of PEEK/ZnO exhibited a slightly higher value.
Cell differentiation
In the experiment, the ALP activity of MC3T3-E1 on PEEK and PEEK/ZnO composite membranes was determined, which is the effect of the composite membrane on the differentiation of MC3T3-E1 cells. The results in Fig. 16 show that the ALP activity of the cultured cells on the membrane is time-dependent. As the culture time increased, the ALP activity also gradually increased. In addition, no signicant difference was observed in the ALP activities of the cells grown on PEEK and PEEK/ZnO composites (P < 0.05) although the cell ALP activity on the PEEK/ZnO blend membrane was higher than that of the PEEK membrane in the overall trend. From the P value in the Table 7 , we could nd that the differences between six groups and control group were not signicant (P > 0.05), while the overall signicance trend between the control group and the sixth group is higher than the other groups according to the Fig. 16 and the Table 7 . Therefore, the results indicated that the sixth group has a greater impact on cell differentiation.
Conclusions
In summary, PEEK/ZnO nanocomposites were synthesized by conventional melt-blending and compression molding. ZnO nanoparticles in the PEEK matrix and their effects on the properties of PEEK/ZnO nanocomposites were investigated. The results showed that the surface treatment of ZnO inuenced the performance of nanocomposites signicantly. SEM analyses revealed a good distribution of the nanoparticles within the matrix, showing ner dispersion for samples with lower m-ZnO contents, whereas the unmodied ZnO nanoparticles exhibited considerable aggregation. The distribution of ZnO nanoparticles inside the PEEK matrix and the interfacial interaction between the nanoparticles and the PEEK matrix improved when ZnO was modied by APTES. This improvement resulted in enhanced mechanical properties of the nanocomposites. The performance of the nanocomposites is also related to the amount of modied ZnO added, and it's appropriate amount was 5.0-7.5 wt%. The thermal and tribological properties of PEEK/ZnO composites were studied. DSC thermograms showed that the nanoparticles acted as heterogeneous nucleating agents for PEEK, raising its level of crystallinity, whereas no change in its crystalline structure was detected. TGA experiments indicated a strong rise in the thermal stability of the matrix upon increasing ZnO concentration. In vitro culture of MC3T3-E1 showed that the cells could proliferate on both PEEK and PEEK/ZnO composites. Therefore, PEEK/ZnO composites can have great potential as biomaterials for orthopaedic and trauma implants.
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